The effects of turbulent surface fluxes and radiative cooling on tropical deep 3 convection are compared in a series of idealized cloud-system resolving simulations with 4 parameterized large scale dynamics. Two methods of parameterizing the large scale 5 dynamics are used; the Weak Temperature Gradient (WTG) approximation and the 6 Damped Gravity Wave (DGW) method. Both surface fluxes and radiative cooling are 7 specified, with radiative cooling taken constant in the vertical in the troposphere. All 8 simulations are run to statistical equilibrium. 9
simulations are run to statistical equilibrium. 9
In the precipitating equilibria, which result from sufficiently moist initial 10 conditions, an increment in surface fluxes produces more precipitation than equal 11 increment of column-integrated radiative cooling. This is straightforwardly understood in 12 terms of the column-integrated moist static energy budget with constant normalized gross 13 moist stability. Under both large-scale parameterizations, the gross moist stability does in 14 fact remain close to constant over a wide range of forcings, and the small variations 15 which occur are similar for equal increments of surface flux and radiative heating. 16
With completely dry initial conditions, the WTG simulations exhibit hysteresis, 17 maintaining a dry state with no precipitation for a wide range of net energy inputs to the 18 atmospheric column. The same boundary conditions and forcings admit a rainy state also 19 (for moist initial conditions), and thus multiple equilibria exist under WTG. When the net 20 forcing (surface fluxes minus radiative cooling) is increased enough that simulations 21 which begin dry eventually develop precipitation, the dry state persists longer after 22 initialization when the surface fluxes are increased than when radiative cooling is 23
Introduction

26
Surface turbulent heat fluxes and electromagnetic radiation are the most important 27 sources of moist static energy (or moist entropy) to the atmosphere. In the idealized state 28 of radiative-convective equilibrium (RCE), the source due to surface fluxes must balance 29 the sink due to radiative cooling. In this state, the surface evaporation and precipitation 30 also balance, and there is no large-scale circulation. In a more realistic situation in which 31
there is a large-scale circulation, the strength of that circulation's horizontally divergent 32 component can be viewed as proportional, in a column-integrated sense, to the net moist 33 static energy source (surface fluxes minus column-integrated radiative cooling), with the 34 proportionality factor being known as the gross moist stability. 35
There is no accepted theory which satisfactorily predicts the gross moist stability. 36
It is itself a function of the large-scale circulation, and may be dynamically varying. If 37 we could be certain that it would remain constant, however, then not only would the 38 divergent circulation (i.e., the large-scale vertical motion) be predictable as a function of 39 the surface fluxes and radiative cooling, but surface fluxes and radiative cooling would 40 influence that circulation in the same way. All that would matter would be the difference 41 between the two, the column-integrated net moist static energy forcing. This study 42 investigates, in an idealized setting, whether this is the case. We ask whether surface 43 fluxes and radiation influence the circulation differently. We might expect that they 44 would, given that surface fluxes act at the surface while radiation acts throughout the 45 column. Such a difference would necessarily be expressed (at least in the time mean) as 46
where is the domain mean potential temperature, ! is the reference temperature (from 133 RCE run), h is the height of the boundary layer determined internally by the boundary 134 layer scheme, and is the relaxation time scale, and can be thought of as the time scale 135 over which gravity waves propagate out of the domain, taken here 3 hours. 136 
where p the pressure, is the pressure vertical velocity, is the dry gas constant, is 143 the domain mean virtual temperature, is the target virtual temperature (from RCE), 144 is the momentum damping, in general a function of pressure but here taken constant at 145 1 !! , and k is the wavenumber taken 1.
The boundary conditions used for solving (2) are: 147 148 ω(0) = ω(100 hpa) = 0 149
150
Once the vertical velocity obtained from (1) or (2), it is used to vertically advect domain 151 mean temperature and moisture at each time step. Horizontal moisture advection is not 152
represented. 153
The free parameters used here are chosen to give a reasonable comparison between the 154 general characteristics of the two methods, and to produce a close, but not exact, 155 precipitation magnitude in the control runs. 156
Experiment design 159
All simulations are conducted with prescribed surface fluxes and radiative cooling 160 and no mean wind. Radiative cooling is set to a constant rate in the troposphere, while the 161 stratospheric temperature is relaxed towards 200 K over 5 days as in Wang (Note that we use both the terms "radiative cooling" and "radiative heating" although one 168 is simply the negative of the other. The radiative heating is always negative in our 169 simulations and thus is most simply described as "radiative cooling", but when we 170 compare different simulations a positive change -an increase in radiative heating -is 171 directly compared to a positive change in surface turbulent heat fluxes, and thus when 172 such changes are described it is simpler to describe such changes in terms of radiative 173 In all these experiments, the precipitation rate varies linearly over a broad range 198
of NEI values. The precipitation rate produced for a given increment of surface fluxes 199 exceeds that produced for the same increment of vertically integrated radiative heating 200 (equivalently, the opposite increment in radiative cooling 
Where . = dp/g The second and third terms (combined) on the right hand side of (3) represent the 220 precipitation that would occur in radiative convective equilibrium. The first term 221 accounts for the contribution by the large scale circulation, which arises from the 222 discrepancy between surface fluxes and vertically integrated radiative cooling. Therefore, 223 ! contributes to P in two ways with opposite signs; to the dynamic part (the first term 224 on the right hand side of (3)), similar to the contribution from surface fluxes, and to the 225 RCE precipitation (the second term on the RHS of (3) At NEI = 0 the large scale vertical velocity vanishes and M is undefined; however 237 M in that case is not needed to compute P. Equation (3) is derived by eliminating the 238 vertical advection term between the moist and dry static energy equations, but NEI = 0 239 corresponds to RCE, in which the vertical advection vanishes. In that case, the 240
When there is a large-scale circulation such that (3) is valid, we can see that if M 242 and the surface fluxes are held fixed, the change in precipitation per change in radiative 243 cooling is: 244
As discussed above, Figure 3 shows that constancy of M is a good approximation for all 246 the numerical experiments. 247
On the other hand, the change in precipitation due to an increment in surface fluxes 248 (holding radiative cooling and M fixed) scales as: 249
Equations (4) and (5) show that a change in precipitation due to an increment in surface 251 fluxes will exceed that due to an increment in radiative cooling. The difference of unity, 252 nondimensionally, means that for finite and equal increments of either surface fluxes or 253 radiative heating, the excess precipitation due to surface fluxes is equal to the increment 254 in forcing itself. transition from existence to non-existence of the dry solution (Fig. 4a) . Two points are 306 worth noticing here. First, the transition from the dry to precipitating state happens in a 307 more dramatic fashion, overshooting the statistical equilibrium value, when radiative 308 cooling is perturbed. In contrast, perturbing surface fluxes leads to a much smoother 309 transition to precipitation onset. Second, the precipitation lag due to perturbing surface 310 fluxes vs. radiative cooling is apparent, not only in the time mean picture, but also in the 311 time series, as the time interval between initialization and precipitation onset is longer for 312 a surface flux increase than an equivalent radiative heating increase. This lag decreases as 313 the NEI increases (case of 100 Wm -2 shows almost no lag, hence not shown). 314
In Figure 5 .a, case of NEI = 70 Wm -2 in which precipitation occurs only from a radiative 315 cooling reduction, the onset of precipitation is delayed by about 35 days, after which it 316 takes less than 3 days to reach equilibrium. 317
The delay in precipitation onset is reduced when NEI is increased. For NEI = 80 Wm The precipitation time series for the case NEI = 40 Wm -2 in the DGW experiment 323 with a dry initial moisture profile is shown in Figure 6 . Unlike the WTG experiment, the 324 time the system takes to begin precipitating is indistinguishable for radiative cooling and 325 surface flux perturbations (the same is true for other NEI cases, not shown). This might 326 be due to the vertical structure of the large scale vertical velocity in WTG as we will 327 discuss in the next section. When starting from dry conditions, precipitation is delayed 328 for only 5 days compared to non-zero initial moisture conditions, and this lag is not 329 dependent on the NEI. 330 One can think of radiative cooling as inhibiting convection through subsidence, which in 358 turn induces drying which keeps relative humidity low. In an atmosphere with low 359 relative humidity, convection is inhibited when entrainment mixes dry air into saturated 360 updrafts, reducing buoyancy. We hypothesize that reducing the radiative cooling is 361 quicker to eliminate the dry equilibrium than increasing surface fluxes because any 362 change in radiative cooling has an impact on humidity (and thus on the environment for 363 deep convection) throughout the troposphere, whereas the effects of surface fluxes can be 364 trapped in the planetary boundary layer if the troposphere is dry. In order to induce ascending motion at any given level, mean temperature 372 anomalies, relative to the reference temperature profile, must be positive under WTG by 373
(1). This is also true, in a more approximate and vertically nonlocal sense, under DGW. 374 Figure 10 shows the time evolution of the vertical structure of potential temperature 375 anomalies (from the RCE target temperature profile) for the case of NEI = 80 Wm Figure 11a , the RH just above the 400 boundary layer increases substantially only after precipitation has begun, rather than 401 before as in Figure 11b . Further, the free troposphere as a whole takes a couple of days 402 after precipitation onset to moisten in Figure 11a whereas it moistens very quickly after 403 precipitation onset in Figure 11b ; this suggests a more active role for free tropospheric 404 humidity in causing (or at least allowing) the onset of precipitating convection for the 405 radiative heating increase, whereas the tropospheric humidification appears to be more 406 clearly a consequence of the convection for the surface flux increase Though a subtle 407 difference, this supports the hypothesis that radiative cooling reductions are quicker to 408 eliminate the dry equilibrium than surface flux increases because they have different 409 effects on free-tropospheric humidity in the dry equilibrium. In the precipitating equilibrium state, a given change in surface fluxes induces a 440 greater change in precipitation in our simulations than does an equal change in radiative 441 heating. This difference is a straightforward consequence of the column-integrated moist 442 static energy budget with a constant normalized gross moist stability. The surface flux 443 and radiative cooling increments result in equal changes in the divergent circulation. The 444 precipitation change, however, is a consequence of both that divergent circulation change 445 and the change which would occur in its absence -that is, in radiative-convective 446 equilibrium (RCE). In RCE, surface fluxes and radiative heating have opposite effects on 447 precipitation; the overall precipitation change in our simulations is thus the sum of these 448 
